The effects of exercise and a physiological increase in plasma insulin concentration on muscle lipoprotein lipase activity (m-LPLA), leg exchange of glucose, and serum lipoprotein levels were investigated in healthy young men. During euglycemic hyperinsulinemia (n = 7) at 44 mU. liter-', m-LPLA in nonexercised muscle decreased from 30±7.4 mU * g-' wet weight (w.w.) (mean±SE) to 19±3.3 (P < 0.05). Furthermore, the decrease in m-LPLA correlated closely (r = 0.97, P < 0.05) with the increase in leg glucose uptake. Moreover, basal m-LPLA correlated with the insulin-induced increase in leg glucose uptake (r = 0.93, P < 0.05). In the control group (n = 6) in which saline was infused in place of insulin and glucose, m-LPLA in nonexercised muscle did not change with time. No change in m-LPLA was observed immediately after one-legged knee extension exercise, but 4 h after exercise m-LPLA was higher (P < 0.05) in the exercised thigh (47±17.8 mU*gw.w.) compared with the contralateral nonexercised thigh (29±6.3 mU. g-' w.w.). This difference was not found 8 h after exercise. The triacylglycerol content of serum lipoproteins decreased during insulin infusion. It is concluded that in contrast to the effect on adipose tissue, physiological concentrations of insulin decrease m-LPLA in proportion to the effect of insulin on muscle glucose uptake, while muscle contractions cause a local, delayed, and transient increase in m-LPLA. Furthermore, basal m-LPLA is an indicator of muscle insulin sensitivity.
Introduction
Lipolysis of triacylglycerol-rich lipoproteins (chylomicrons and VLDL) is initiated by the action of lipoprotein lipase (LPL) .' This enzyme is found at the capillary endothelium of several tissues, such as adipose tissue, skeletal muscle, and heart. Studies have suggested that insulin stimulates adipose tissue LPL activity (LPLA) in humans (1) in a dose-dependent lipase; LPLA, LPL activity; m-LPLA, muscle LPLA; w.w., wet weight. manner (2). On the other hand, recent findings suggest that increased plasma insulin concentrations downregulate LPLA in human skeletal muscle. Thus, 3 d on a carbohydrate-rich diet (80 energy %) was associated with high plasma insulin concentrations and 55% lower LPLA in human skeletal muscle than seen on an ordinary control diet (3) . Furthermore, after a diet poor in carbohydrates, which were primarily derived from fiber-rich products, plasma insulin and glucose values were much lower and muscle LPLA (m-LPLA) higher than when diets with large proportions of simple carbohydrates were consumed (4) . On the basis of these data it might be suggested that m-LPLA is sensitive to variation in plasma insulin concentrations. Circulating hormones may be involved in the regulation of m-LPLA, but substrate availability may also influence m-LPLA. Thus, m-LPLA was higher in the morning after heavy work than in the morning after rest (5) .
Recently it has been proposed that insulin activation of a phospholipase C leads to production of diacylglycerol and an inositol phosphate glycan (6) , both ofwhich may elicit some of insulin's effects (6) (7) (8) . In addition, evidence has been presented that insulin-induced activation ofphospholipase C may cleave the glycosyl phosphoinositol anchor ofLPL and thereby cause release of LPL from 3T3-Ll cells (9) . Therefore, possible insulin effects on LPLA in tissue may covariate with insulin effects on metabolism, and this possibility was also explored in the present study.
To obtain more detailed information on how m-LPLA is regulated by exercise and insulin, and to explore possible relationships between insulin action on glucose uptake and LPLA, we have studied a well-defined muscle group in man in which substrate utilization can be quantified and from which biopsies can be obtained. To be able to conduct studies during steadystate hyperinsulinemia the euglycemic hyperinsulinemic clamp procedure was used.
Methods

Subjects
Eight healthy male subjects (mean age 22 yr) gave their informed consent to participate in the study which was approved by the Copenhagen Ethics Committee. Body weight and height averaged 72.6 kg (55.8-83.1) and 184 cm (180-186 cm), respectively. Maximal oxygen consumption determined on a Krogh bicycle ergometer was 52 ml * kg-' * min-' (48-60). None participated in competitive sports, but three participated in leisure time physical activity 1-2 times a week and all subjects used the bicycle for local transportation. Subjects were assigned to either a group that received intravenous insulin and glucose (clamp group, n = 7) or a control group that received an infusion of 0.9% saline (n = 6). Five of the subjects participated in both groups. The subjects were instructed to abstain from strenuous physical activity for 5 d before the study and to eat a carbohydrate-rich diet for the last 3 d before the study to ensure filled muscle glycogen stores.
Protocol
The subjects arrived in the laboratory in the morning after a 10-12-h overnight fast. Subjects performed 60 min of repeated, dynamic knee extensions with one leg at 75% of their maximum one-legged knee extensor work capacity determined previously. With this exercise model work is performed exclusively by the quadriceps femoris muscle (10) .
Clamp group. In the clamp study Teflon catheters were then inserted below the inquinal ligament, in one femoral artery (Seldinger technique), and in both femoral veins. The catheters were advanced proximally so that the tips of the arterial and venous catheters were located -2 cm proximal and 2 cm distal to the inquinal ligament, respectively. For measuring of thigh blood flow a thermistor (Edslab probe 94-030-2.5 F; American Edwards Laboratory, Irvine, CA) was inserted through each venous catheter and advanced 6-8 cm proximal to the catheter tip. Blood flow was measured by the thermodilution technique (11) modified for resting conditions (12) . During blood drawing and blood flow measurements a pneumatic cuff right below the knee was inflated to 230 mmHg.
Additional catheters were placed in an antecubital vein for glucose and insulin infusion as well as in a dorsal hand vein. After insertion of the catheters the subjects rested in the supine position for -2 h until 4 h had elapsed since the termination of exercise. Then preinfusion baseline blood samples were drawn simultaneously from the femoral artery and vein and femoral venous blood flow was measured in both thighs. Subsequently a needle biopsy was obtained from the vastus lateralis muscle of both legs. A two-step sequential euglycemic glucose-insulin clamp procedure (13) Control group. A muscle biopsy from each vastus lateralis muscle was obtained before and immediately after one-legged knee extensions. Then a catheter was inserted in a retrograde direction in a dorsal hand vein 4 h after exercise. The hand was placed in a heating pad and arterialized blood (oxygen saturation 94-96%) was drawn from the heated hand vein. Then a muscle biopsy was obtained from both thighs. Arterialized blood was drawn again after 2 and 4 more h, and a muscle biopsy was obtained from both thighs after 4 h. During the last 4 h of recovery the control group received saline infusion through a catheter in an antecubital vein instead of glucose and insulin, which were given in the clamp group. Saline was given in equal amounts to glucose and insulin.
Blood analysis
Lipoproteins were separated by ultracentrifugation. A detailed description of the procedures for analyzing lipoproteins has been published previously (14) . To Muscle biopsy analyses LPLA in muscle was measured as described by Lithell and Boberg (19) with slight modifications (20 
Results
Clamp group. Before insulin infusion m-LPLA in the clamp group averaged 30 mU g-' w.w. in the nonexercised leg and 40 mU * g-' w.w. in the exercised leg (P < 0.05; Fig. 1 ). At the end of the second clamp step the m-LPLA decreased (P < 0.05) to 19 and 33 mU -g-' w.w. in the nonexercised and exercised leg, respectively (Fig. 1) . Before insulin infusion the muscle glycogen concentration was 540 and 335 zmol * g-' dry weight (d.w.) in the nonexercised and exercised thigh, respectively (P < 0.05), and at the end of the second clamp step the glycogen concentrations were 525 and 370 ,umol * g-' d.w., respectively (Fig. 2) . The increase in the exercised thigh was significant (P < 0.05). In the nonexercised thigh glucose uptake, calculated from arterial-venous concentration differences 7.60±1.22 mg kg-' thigh min-' during the second clamp step. The decrease in m-LPLA correlated significantly with the increase in thigh glucose uptake (r = 0.97, P < 0.05; Fig. 3 ) and the basal m-LPLA correlated with the increase in thigh glucose uptake (r = 0.93, P < 0.05; Fig. 4 ). In the exercised thigh glucose uptake was 1.41±0.21 before insulin infusion and increased to 10.8±1.1 mgI kg-' thigh-min' during the second clamp step. In the exercised thigh no significant correlation was found between the decrease in m-LPLA and the increase in glucose uptake. The activity of citrate synthase in muscle was measured in all clamp group subjects and was 41.3±2.1 ,umol g-' -min' d.w. (mean±SE).
Control group. Preexercise m-LPLA averaged 25 and 35 mU * g-w.w. in the nonexercised and exercised thighs, respectively (Fig. 1) . The difference was not significant. Immediately after exercise m-LPLA was similar in the nonexercised (33 mU -g-' w.w.) and exercised (30 mU * g' w.w.) thighs (Fig. 1) .
However, after 4 h of recovery m-LPLA was significantly higher (47 mU * g-' w.w.) in the exercised muscle than in the nonexercised muscle (29 mU g-' w.w.; Fig. 1 ). After 8 h of recovery the activity of LPL had decreased significantly in the exercised thigh to 29 mU * g-' w.w., whereas it remained unchanged (24 mU -g-' w.w.) in the nonexercised thigh (Fig. 1) .
Muscle glycogen was similar in the two thighs before exercise, decreased in the exercised muscle during exercise, and did not increase in the recovery period (Fig. 2) . In the nonexercised thigh, muscle glycogen concentrations decreased slightly but significantly throughout the recovery period (Fig. 2) . Blood variables. During insulin infusion arterial FFA concentrations decreased dramatically (-90%). In contrast to the marked decrease in arterial FFA concentrations, insulin infusion decreased arterial glycerol concentrations by only 30-40% (Table I) . The control group, however, demonstrated a rise in both FFA and glycerol during the saline infusion (Table II) .
Serum triacylglycerol decreased significantly during insulin infusion from 1.08±0.15 to 0.67±0.10 mmol * liter-', whereas it did not change in the control group (from 1 (Table III) . 
Discussion
Nonexercised thigh. The present study shows that LPLA in human skeletal muscle is decreased during an infusion of insulin resulting in a physiological plasma concentration (44 mU * liter-'). This finding confirms previous findings that elevated plasma insulin concentrations were associated with lower m-LPLA (4). The effect of insulin could be either direct or indirect, elicited by insulin-induced changes in muscle metabolism. The present study revealed a close correlation between insulin-induced thigh glucose uptake and the decrease in LPLA in muscle (r = 0.97; Fig. 3 ). This relationship may suggest that the effect of insulin on m-LPLA is secondary to changes in muscle metabolism (e.g., the increase in glucose metabolism). The concept that changes in glucose metabolism may influence LPLA is in accordance with recent findings in cultured human adipocytes where physiological glucose concentrations increased LPLA compared with adipocytes grown in a glucose-free medium (24) . It is interesting to note that glucose apparently has opposite effects on LPLA in muscle and adipose tissue. The mechanism behind these opposite effects remain to be elucidated. Another interesting aspect of the close correlation between the decrease in LPLA and the increase in glucose uptake pertains to signal transduction. Insulin has been shown to activate a specific phospholipase that hydrolyzes a glycosyl phosphatidylinositol molecule. This in turn generates diacylglycerol and an inositol phosphate glycan (6) . Both ofthese substances may generate insulinlike effects (e.g., increase in glucose uptake; 6-8). However, insulin-induced activation of a specific phospholipase C also causes release of LPL from 3T3-Ll adipocytes presumably by phospholipase C-induced cleavage of the glycolipid membrane anchor of LPL (9) . Thus, if the insulininduced decrease in m-LPLA seen in the present study is a function of phospholipase C activation, then the observed close correlation between the decrease in LPLA and the increase in glucose uptake (Fig. 3 ) is in agreement with the assumption that at least some ofthe effects of insulin (in this case stimulation of glucose uptake in human muscle) may be mediated through activation of phospholipase C.
The insulin-induced increase in thigh glucose uptake was closely correlated to the basal m-LPLA (r = 0.93; Fig. 4) . Therefore, since insulin-induced glucose uptake at 44 tU * ml-' is a measure of insulin sensitivity, m-LPLA in resting muscle covariates with insulin sensitivity. This may be due to a causal link between the two or a common factor influencing both insulin sensitivity and m-LPLA (e.g., capillary density; 25, 26).
Exercised thigh. In the clamp group as well as the control group m-LPLA was significantly higher in the exercised muscle than in the nonexercised muscle 4 h after exercise (Fig. 1) . This indicates that muscle contractions cause a local and delayed increase in m-LPLA, since the increase was not apparent immediately after exercise (Fig. 1) . A lack of increase in m-LPLA immediately after exercise is in accordance with previous studies using one-legged knee extension exercise for 2 h (26), as well as bicycle exercise (27) . Also of interest is the finding that the increase was transient, since it was no longer apparent 8 h after exercise (Fig. 1) . The biphasic contractioninduced response of m-LPLA was apparently not related to changes in muscle glycogen concentrations, since these were decreased at the end of exercise and did not change in the recovery period (Fig. 2) .
In contrast to the findings in the nonexercised leg, the decrease in m-LPLA in the exercised muscle during insulin infusion did not correlate with the increase in thigh glucose uptake. However, it should be noted that the decrease in m-LPLA in the exercised leg from 4 to 8 h recovery was of similar magnitude in the clamp group and the control group (Fig. 1) , which indicates that m-LPLA was uninfluenced by insulin in the exercised thigh. In other words, whereas insulin decreases m-LPLA in nonexercised muscle, it is probably counteracted by some other mechanism and is apparently without effect in exercised muscle. In this light the lack of correlation between the decrease in m-LPLA and the increase in thigh glucose uptake during insulin infusion in the exercised thigh is not surprising.
Blood variables. Insulin infusion was accompanied by a marked decrease in serum triacylglycerol, and this decrease was reflected in decreases in the triacylglycerol content of all lipoprotein subfractions. When insulin was administered to human subjects by the euglycemic clamp technique, plasma triacylglycerols decreased rapidly before changes in activity of Regulation ofMuscle Lipoprotein Lipase Activity 1127 . This might suggest that insulin has a more direct effect on hepatic triacylglycerol-rich lipoprotein secretion, which was also reported in cultured rat hepatocytes in which insulin inhibited the secretion of triacylglycerols and cholesterols of VLDL, at least in the short term (29, 30) .
As VLDL-triacylglycerol serves as substrate for m-LPL, the decrease in circulating VLDL-triacylglycerols might cause the decrease in m-LPLA. However, the insulin-induced decrease in circulating VLDL-triacylglycerol tended to be inversely associated with the decrease in m-LPLA (r = -0.65, P > 0.1), indicating that circulating VLDL-triacylglycerol is not directly involved in the regulation of m-LPLA. During insulin infusion serum-cholesterol decreased slightly but significantly due to a 16% decrease in HDL2-cholesterol, while HDL3-cholesterol remained unchanged. Since insulin at a physiological concentration decreased HDL-cholesterol while LDL-cholesterol was unchanged, a consequence of these findings in everyday life might be that in conditions with high average plasma insulin concentrations a change in the LDL-cholesterol/HDL-cholesterol ratio might be found. Actually, in the present study the LDL-cholesterol/HDL-cholesterol ratio increased significantly from 2.83 to 3.11 with insulin infusion, but was constant during saline infusion.
During the euglycemic clamp procedure we found a decrease in m-LPLA. This effect in muscle is in contrast to that seen in adipose tissue, as other clamp studies have shown a stimulatory effect of insulin on whole adipose tissue LPLA in normal subjects (1, 2) . However, when insulin was added to primary cultures of isolated human adipocytes over a broad range of concentrations, an increase in cellular LPLA was only seen at pharmacologic concentrations (400 ng. ml-'; 31). Re- cently it was shown that the glucose concentration of the incubation medium is of importance for LPLA in cultured human adipocytes (24) . In animal studies insulin appears to decrease m-LPLA (32) and the present results indicate a similar effect in man. Thus, our data taken together with previous results obtained in adipose tissue indicate that regulation of LPLA is tissue specific. In nonexercised muscle the effect of insulin on LPLA is closely correlated to the effect on muscle glucose uptake, and basal LPLA is a marker of muscle insulin sensitivity. Finally, the close correlation between insulin-induced increase in thigh glucose uptake and decrease in m-LPLA, which is thought to be due to activation of phospholipase C, suggests that insulin-induced increase in muscle glucose uptake in man could be due to activation of phospholipase C.
